For clinical application of tissue engineering strategies, the use of animal-derived serum in culture medium is not recommended, because it can evoke immune responses in patients. We previously observed that human platelet-lysate (PL) is favourable for cell expansion, but generates weaker tissue as compared to culture in foetal bovine serum (FBS). We investigated if human serum (HS) is a better human supplement to increase tissue strength. Cells were isolated from venous grafts of 10 patients and expanded in media supplemented with PL or HS, to determine proliferation rates and expression of genes related to collagen production and maturation. Zymography was used to assess protease expression. Collagen contraction assays were used as a two-dimensional (2D) model for matrix contraction. As a prove of principle, 3D tissue culture and tensile testing was performed for two patients, to determine tissue strength. Cell proliferation was lower in HS-supplemented medium than in PL medium. The HS cells produced less active matrix metallo-proteinase 2 (MMP2) and showed increased matrix contraction as indicated by gel contraction assays and 3D-tissue culture. Tensile testing showed increased strength for tissues cultured in HS when compared to PL. This effect was more pronounced if cells were sequentially cultured in PL, followed by tissue culture in HS. These data suggest that sequential use of PL and HS as substitutes for FBS in culture medium for cardiovascular tissue engineering results in improved cell proliferation and tissue mechanical properties, as compared to use of PL or HS apart.
Introduction
The use of engineered cardiovascular tissues to replace diseased tissues in patients has been proposed as an alternative for current replacement therapies, because of their ability to grow and adapt in vivo [1] . Although this has been demonstrated in long-term animal studies [2] , studies in humans have yet to be performed to evaluate the efficacy of this approach. Recent studies by our group have demonstrated differences in cardiovascular tissues engineered from human and ovine cells [3] . This further indicates the relevance of specific, deviating culture protocols for either ovine or human engineered tissues and emphasizes that results obtained with either species cannot be easily compared. To prepare for future clinical studies and to circumvent risks associated with the use of animal-derived culture additives, it is relevant to investigate the outcomes of autologous culture of human engineered tissues.
Engineered (cardiovascular) tissues are generally produced by isolation of cells from patients, expansion of those cells in culture media and seeding on scaffolds of synthetic or biological origin, followed by culture and conditioning in bioreactors to promote tissue formation. Culture media used for cell expansion and tissue culture generally contain FBS as an essential source of proteins and growth factors. Ideally, this animal-derived serum is replaced for preparation of constructs for clinical application, because it may lead to rejection of grafted cells in vivo [4, 5] . Cells are able to take up proteins from culture media and present them on their membranes, thereby activating the immune system and leading to failure of the implanted construct [4] [5] [6] [7] . Therefore, our research concentrates on identification of human alternatives for FBS that can be used for cell and tissue culture in (cardiovascular) tissue engineering, as a step in the translation to clinical application.
In previous studies on cardiovascular (heart valve) tissue engineering, we investigated the use of culture media supplemented with human PL, because platelets contain many granules with growth factors and because good results had been reported with PL in other areas of tissue engineering, such as clinical scale expansion of bone marrow cells and bone tissue engineering [8] [9] [10] . Several of the identified growth factors are involved in the process of wound repair in vivo, which includes deposition and remodelling of collagen [11] [12] [13] , or in heart valve development and maturation [14] . The production of collagen and a balance in remodelling of the collagen matrix is also desirable in tissue engineered heart valves, because a strong and well-organized collagen fibre network is extremely important to support the valves' loadbearing function. We established at first that PL was indeed a suitable human alternative for FBS to stimulate cell proliferation and expression of proteins involved in matrix remodelling, as a result of these differences in growth factor content [15] . However, we subsequently also observed that 3D tissue culture in PL strongly reduced tissue mechanical properties as compared to the culture in serum, supposedly caused by increased cellular expression and activation of MMPs [14, 15] . In our search for clinically favourable medium supplements, the present study investigates if HS can improve tissue mechanical properties, while maintaining high cell proliferation rates.
In cultured cells obtained from 10 patients, we investigated the individual effects of PL and HS on cell proliferation, expression of genes related to collagen production and maturation and MMP expression and activity. Gel contraction assays with cells from all patients were performed to investigate the potential of the cells to contract matrix. As a proof of principle, tensile testing on engineered 3D tissue constructs with cells from two patients was included, to illustrate potential effects in engineered cardiovascular tissue.
Materials and methods

Culture media
PL was produced by obtaining pooled human thrombocytes in serum from five donors with similar blood type and rhesus factor from the hospital bloodbank, buffered with citrate-phosphate dextrose. These thrombocytes were frozen in aliquots at Ϫ80ЊC and thawed and centrifuged (8 min. 900 rcf) to produce PL prior to addition to the culture medium [10, 13] . HS was obtained by collecting blood from five to six healthy controls in coagulation tubes and centrifuging for 15 min. at 1800 ϫ g. The serum was pooled and frozen in aliquots before use as well. Culture was performed in DMEM-advanced (12491015; Gibco, Invitrogen, CA, USA) supplemented with 2 mM GlutaMax (35050-028; Gibco), 1% penicillin/streptomycin and either 5% HS or 5% PL with 10 U/ml heparin (013192-03; LEO-pharma, Breda, The Netherlands).
Cell isolation and expansion
Segments of great saphenous vein (Ϯ3 cm) were obtained from venous grafts from 10 patients undergoing coronary artery bypass surgery. Individual permission using standard informed consent procedures and prior approval of the medical ethics committee of the University Medical Center Utrecht, according to the world Medical Association Declaration of Helsinki was obtained and tissue was further treated anonymously [16] . Tissue pieces were plated on culture plastic and culture medium supplemented with either PL or HS was added to stimulate outgrowth of myofibroblasts.
Cells were cultured in a humid environment at 37ЊC and 5% CO2 up to passage 5, which in our hands has proved to be a suitable passage to obtain abundant cells for seeding on scaffolds in future tissue engineering strategies. A number of cells were frozen at each passage for use in subsequent experiments. Passage 1 (P1) was seeded at a density of 3000 cells/cm 2 , whereas subsequent passages were split in a 1:3 surface ratio. After each passage, the time required to reach 85% confluency was determined per cell isolation and the number of cells was determined using the Countess Automated Cell Counter (Invitrogen). The time in days and the logarithm of the total number of cells that would have been obtained at each passage were fit with a linear model using regression analysis with SPSS 16 software (IBM, Chicago, IL, USA). Slopes of these models were used to compare duplication rates of cells derived from individual patients in each condition, followed by determination of the average slope per condition.
Immunocytochemistry
Immunocytochemistry was performed to identify myofibroblasts on cultured cells at P5, seeded on cover slips and cultured for 3 days. Staining procedures were previously described [16] and included ␣-smooth muscle actin (␣-SMA; A2547, 11.25 g/ml; Sigma-Aldrich, St. Louis, MO, USA) and vimentin (ab20346, VI-10, 2.5 g/ml; Abcam, Cambridge, UK) as positive markers and desmin (M0760, Clone D33, 4.7 g/ml; DAKO, Glostrup, Denmark) as a negative marker. This combination of markers is specific for both venous myofibroblasts and valvular interstitial cells [17] , indicating why venous myofibroblasts may serve as a cell source for heart valve tissue engineering [18] [19] [20] . Alexa Fluor-labelled goat-anti-mouse (A21428, 5.0 g/ml; Invitrogen) was used as the secondary antibody. Staining was visualized by fluorescence microscopy (BX60; Olympus, Tokyo, Japan) and CellP-software (Olympus).
RNA isolation and quantification
RNA of cells cultured in HS or PL was extracted with Tripure Isolation Reagent (Roche, Basel, Switzerland) according to the manufacturer's protocol. Production of cDNA, qRT-PCR and post-run product verification confirmation were performed as previously described [16] . Primers were designed (OligoPerfect; Invitrogen) for collagen types I and III and collagen cross-linking enzymes lysyl-oxidase (LOX) and lysyl-hydroxylase (PLOD2) and annealing temperatures were determined (Table 1) . Samples were normalized for glyceraldehyde 3-phosphate dehydrogenase (GAPDH, ⌬Ct ϭ CtTarget Ϫ CtGAPDH). Fold difference of cells cultured in HS medium per patient were compared to cells cultured in PL medium (2 ⌬⌬Ct per patient , with ⌬⌬Ct per patient ϭ ⌬CtPL Ϫ ⌬CtHS). The fold differences were averaged per medium. We were unable to obtain cDNA from one of the HS samples, thus all calculations were n ϭ 9 at most. Also, LOX was not detected in one PL patient and PLOD2 in one HS patient.
Zymography
Zymography to assess MMP expression and activity was performed as previously described [16] . Conditioned medium was collected and phenol red was removed through dialysis for 2 ϫ 24 hrs using Slide-a-lyzer Mini Dialysis units (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) in 5 L of phosphate-buffered saline. After dialysis, protein quantification was performed with a BCA-assay (Sigma-Aldrich) according to the manufacturer's protocol. An equal amount of total protein was loaded on the gels. Analysis and quantification of protease secretion was performed with the ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA) and QuantityOne software (Bio-Rad). Quantification was corrected for presence of proteases in nonconditioned medium, that is complete medium that was not exposed to cells.
Collagen gel contraction assay
To evaluate the potential of cells cultured in different media to contract the extracellular matrix, we used a collagen gel contraction assay as described by Merryman et al. [21] , with small modifications. In brief, the collagen gels (PureCol, Advanced BioMatrix, San Diego, CA, USA) were made and seeded as has been described according to their protocol and the instructions of the collagen manufacturer. The gels were cast in Teflon rings with a 13-mm inner diameter and a 2-mm thickness. After polymerization of the gel, cells were seeded on the gel in 200 l medium at a concentration of 1.5 ϫ 10 5 cells/ml and left to attach for 30 min., before additional medium was added and the Teflon ring was removed. Cells were seeded in the same medium as was used for expansion and the gels were subsequently kept in this medium as well. Pictures were taken 2, 16 and 40 hrs after removal of the ring. The area covered by the gel was measured using CellP-software (Olympus) and noted as the percentage of the initial area of the gel, that is the inner surface area of the Teflon-rings. The difference was calculated by subtracting the surface area of HS gels from the surface area of the PL gels per patient.
Preparation and testing of engineered tissue constructs
As a proof of principle for tissue-forming capacities in both media, we set-up a small experiment with 3D tissue constructs (n ϭ 2 patients and two to three strips per patient). For this purpose, cells were transferred to the Eindhoven University of Technology, where rectangular constructs (20 ϫ 6 mm strips) were cultured, tested and stained according to previously published protocols [14] . Briefly, 1.88 ϫ 10 6 cells were seeded onto rapidly degrading scaffolds using fibrin as a cell carrier, as previously described by Mol et al. [22] . The constructs were cultured under constrained conditions (i.e. attached at both ends) for 4 weeks and medium was changed every 2-3 days. During the tissue culture experiments, medium was supplemented with L-ascorbic acid 2-phosphate (0.25 mg/ml; Sigma-Aldrich) [23] . Mechanical properties were determined after 4 weeks of culture by uniaxial tensile testing in longitudinal direction of the engineered constructs [14] . The ultimate tensile strength (UTS in MPa) was defined as the maximum force at break divided by the cross-sectional area.
Collagen organization in the tissue constructs was visualized with the CNA35-probe directly labelled with Oregon-Green, as designed by Krahn et al. [24] and used as described for cardiovascular constructs by Boerboom et al. [25] . The probe has been shown to bind to several types of collagen (types I-VI), but with the highest affinities for collagen types I and III [24] . It has previously been used in combination with other vital stains such as cell tracker blue [25] [26] [27] [28] and compared with other histological staining such as picrosirius red and masson trichrome [29] [30] [31] .
Statistics
All results were compared between PL and HS groups, using paired samples T-tests (two-tailed) and a P Ͻ 0.05 was considered significant. Results are expressed as means Ϯ S.D. SPSS 16 software (Microsoft corporation, Redmond, WA, USA) was used for all statistical analyses.
Results
Proliferation rates
Successful cell outgrowth and isolations were obtained from all 10 patients in both culture media, including seven male and three female patients (71 Ϯ 6 years old). Overall, cell viability was similar for both medium groups and was on average 94% Ϯ 8 in PL medium and 93% Ϯ 7 in HS medium. Analysis of proliferation rates showed an approximate twofold increase when cells were cultured in PL medium (Fig. 1, number of cells is considered sufficient for seeding onto scaffolds for heart valve tissue engineering purposes [32] .
Immunohistochemistry
At passage 5, all cells in both media were positively stained for ␣-SMA ( Fig. 2A and B) and vimentin ( Fig. 2C and D) , while being negative for desmin ( Fig. 2E and F) . This indicates that after repetitive divisions, cells in both media display phenotypes that resemble myofibroblasts.
mRNA quantification
We studied mRNA expression of collagen types I and III, which are considered most relevant for heart valve tissue engineering, and collagen cross-linking enzymes LOX and PLOD2. Significant differences in expression of these mRNAs could be an indication for a difference in the ability to form strong and mature collagen fibres. Although we did not observe a statistically significant difference between the two groups, we did see a two-fold increase in average production of collagen types I and III and PLOD2 by HS cells as compared to PL (Fig. 3: 2.30-, 3.16-and 1.96-fold increase, respectively). LOX expression was comparable in both media (1.10 Ϯ 0.81 fold increase in HS relative to PL). Figure 4A shows zymographic analysis of gelatinolytic activity corrected for their presence in non-conditioned media, and displays release of active and inactive forms of MMP2 (72 and 64 kD) and active MMP9 (82 kD) by the cells in both PL-and HS-conditioned cells, but not of inactive MMP9 (92 kD). When expression in PL . On the collagen-substituted gels (Fig. 4B) , we did not find significant differences in MMP-activity between cells cultured in PL or HS. Taken together, zymography analysis revealed a reduced matrix-degradation capacity through a significant decrease of active MMP2 levels when cells are cultured in HS-supplemented medium.
Zymography
Collagen gel contraction assay
Collagen gel contraction assays were performed to assess cell potential to contract matrix. Collagen gels seeded with cells cultured in PL and HS were shown to contract over time (Fig. 5A) . After 16 hrs, HS gels were significantly smaller than PL gels ( Fig. 5B , P Ͻ 0.01). After 40 hrs, a maximal contraction was observed in all gels. This suggests that cells in HS medium are more active in contracting collagen matrices.
Tissue studies: contraction, matrix and tensile testing
Similar to the collagen gels, the tissue constructs revealed increased contraction when cultured in HS as compared to PL ( Fig. 6A and C) . This was accompanied by enhanced alignment of collagen structures in HS (Fig. 6B and D) . Finally, tensile testing was performed to test the load-bearing capacities of the constructs cultured in either PL-or HS-supplemented medium. The first two columns in the bar plot in Figure 6 show a difference in load-bearing capacity between tissue cultured in PL (0.27 MPa Ϯ 0.21) and HS (0.81 MPa Ϯ 0.16), although obviously this cannot be tested.
Discussion
In this study, we aimed to test if HS is a better human replacement for FBS than PL in culture media for (cardiovascular) tissue engineering strategies and future clinical applications [4, 5] , We have shown here and in previous studies that the use of human PL resulted in an increased cell proliferation rate, but weaker tissue [14, 16] . The use of HS resulted in lower MMP2 activity levels, enhanced tissue remodelling capacity, and higher load-bearing properties. We found that the proliferation rate of cells expanded in HS was lower than when PL was used, requiring 28 days to reach 100 million cells instead of 15 days. However, earlier studies showed that cells cultured in FBS required 60 days to obtain a similar number of cells, meaning that the use of HS would still reduce time by 50% as compared to the use of FBS [16] . These results with PL and HS were consistent with the results others obtained when used for expansion of other human cells [33, 34] . The duplication rate of cells is of considerable importance to obtain high a number of cells for clinical use of tissue engineering strategies, as it will reduce the time patients have to wait for autologous constructs to be generated. In this perspective, PL would be preferred as medium supplement for cell expansion over HS and FBS.
In contrast to other groups, who have primarily investigated the use of PL and HS in combination with mesenchymal stem cells and bone tissue engineering [9, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , we focus on soft tissue engineering. One of the most important determinants for cardiovascular, and in particular heart valve, tissue engineering is the Fig. 3 Fold-change of target genes in cells cultured in presence of HS (mean Ϯ S.D.), when normalized for cells cultured in presence of PL. LOX expression is comparable between groups, but collagen types 1 and 3 and PLOD2 expression tend to be higher in cells cultured in HS, although differences are not significant due to large interpatient variations.
load-bearing capacity of the tissue, which is highly related to the quality and architecture of the extracellular matrix, in which collagen types I and III predominate [43] . Indicative for the importance of matrix maturation and architecture are our previously reported results, in which a significantly reduced tissue strength was presented in tissue constructs prepared in PL as compared to FBS, although no differences in collagen content were found [14] . Similarly, this study does not show significant differences in expression of collagen mRNA when cells are cultured in HS or PL, but indicates that tissue strength is higher when HS is used. We have previously reasoned that matrix remodelling and formation regulated by proteins present in PL can negatively influence the load-bearing capacity of tissue engineered constructs [14, 16] . In this study, we did observe that the activation of MMP2 was reduced when cells are cultured in HS as compared to PL.
Interestingly, the load-bearing capacities of tissue constructs cultured in HS-supplemented medium were slightly higher than the ultimate tensile strength of tissue constructs previously produced in FBS-supplemented medium (0.81 and 0.73 MPa, respectively). Constructs cultured in PL did not reach this strength in both the present and previous studies (0.27 and 0.25 MPa, respectively) [14] . The strength of tissue constructs cultured in HS is also closer to the UTS of 2.0 MPa previously measured in circumferential direction of native adult aortic valve leaflets [14] . This emphasizes our earlier reasoning that tissue culture in serum is preferable over tissue culture in PL because it generates stronger tissue as a result of lower protease activity levels.
To combine the benefits of both PL and HS, we performed additional experiments to test if cell proliferation with PL-supplemented medium can be followed by tissue formation in HS-supplemented medium. For this purpose, the 2D collagen gel assays and culture of 3D tissue constructs were also performed in HS-containing medium after cell expansion in PL (a condition named: 'PL/HS'). The collagen gel assays revealed that average gel areas became smaller than PL gels and larger than HS gels after 2 hrs and slightly larger than PL gels after 16 and 40 hrs (13, Ϫ1 and Ϫ1 mm 2 , respectively, when PL/HS was subtracted from PL, similar to Fig. 5B ), but not significantly different when compared to either of the other groups. The 3D-tissue constructs also showed moderate contraction, an organized collagen architecture and an increased ultimate tensile strength (1.16 MPa Ϯ 0.20, Fig. 6E and F and bar plot, respectively) as compared to strips culture in only PL or HS. This UTS is higher than the values previously reported for constructs exclusively cultured in FBS, PL or HS (0.73, 0.27 and 0.81 MPa, respectively) [14] . Thus, these results indicate that high proliferation caused by PL-supplemented medium can be followed by sequential tissue formation in HS-supplemented medium, resulting in an improved protocol for tissue engineering with HS substitutes.
It also underlines the relevance of designing specialized or 'chemically defined media', optimized for every step of tissue engineering strategies [15, 44] . Our studies with FBS, PL and HS show that growth factors and cytokines in the medium supplement have a distinct and large influence on cellular proliferation and formation and remodelling of a collagen network, which is difficult to predict from early expression markers, such as obtained from cell studies alone. Future studies should systematically investigate the effects of the different growth factors abundantly present, or absent, in HS and PL, to determine which growth factors could be specifically responsible for either proliferation, increased MMP levels or formation and maturation of collagen fibres.
We included a 2D-collagen contraction assay to how the cells would contract the matrix under different culture conditions, to see if this assay has predictive value for tissue formation in 3D constructs. The assay predicted the ability of cells cultured in different media to cause tissue contraction in the 3D-tissue constructs. Recent reports pointed out that there was ongoing show shrinking of the gels over time and clearly shows the difference after 16 hrs between PL and HS conditions. The 1 mm 2 grids that were used to determine the actual size of the gels are also visible. After quantification the difference of the gel areas between PL and HS over time is depicted in the graph (B) and shows significant differences after 16 hrs (**P Ͻ 0.01).
compaction of heart valve constructs after implantation leading to failure of the valve constructs in vivo, making it more important to test contractive activity of cells in vitro [45] . Methods to stop excessive tissue compaction in vivo will be important in heart valve tissue engineering and the collagen gels can be a fast and simple in vitro model for future experiments.
In conclusion, we have shown that the use of HS during tissue culture results in stronger tissue, whereas PL is a more potent stimulator of cellular proliferation during expansion. More importantly, sequential use of human PL and HS can be used as a substitute protocol for the use of FBS in tissue engineering strategies. This means another step towards optimal autologous tissue engineering protocols and future clinical applications of cardiovascular tissue engineering. 
